Abstract-Mode Group Diversity Multiplexing (MGDM) is an Optical Multiple-Input-Multiple-Output (O-MIMO) technique that provides larger robustness and capacity for data communication over MultiMode Fiber (MMF). The utility of a MGDM system in terms of capacity expansion gives a major interest in most applications of optical communication. In this paper, we propose a transfer matrix decompositioon of O-MIMO systems using MGDM technique in order to increase the capacity of the system. This treatment can be divided into 3 stages: noise whitening, channel diagonalization and dimension reduction. Numerical Matlab simulations results of a 3×3 MGDM link are given to support the efficiency of this study.
I. INTRODUCTION
MGDM is an O-MIMO technique that aims at creating independent communication channels over a MMF, using subsets of propagating modes. It has been proposed as a way to integrate various services over an MMF network [1] . It was presented as the better solution of optical communication over MMF to increase the robustness and the capacity of the system [2] . It represents then the best candidate compared to other techniques for multiplexing of various services in networks "In-door". MGDM has been proposed for the transparent transmission of several signals over short reach MMF links, such as in future in-house networks [3] . However, it lacks scalability with the number of channels. More specifically, although it would be possible to build a robust system with two or three channels, for a larger number of channels, the performance of the system would become very sensitive to changes in the transmission matrix. This matrix describes the propagation channel in the fiber. To enhance the performance in terms of robustness, flow rates, quality of service and capacity increasing, different methods have been developed for MIMO systems [4] . In this study, we propose a transfer matrix decomposition of O-MIMO systems using MGDM technique in order to increase the capacity of the system. Matrix decomposition is a channel simplification method witch is divided into 3 stages : noise whitening, channel diagonalization and dimension reduction. A major objective of this work is to show that it is possible to build a simple, stable and robust MGDM system with capacity increasing. This paper is organized as follow: In section II, the basic principle of MGDM is presented. In section III, the transfer matrix decomposition architecture of the MGDM channel is given. In section IV, simulations results of a (3×3) MGDM system are presented.
II. MGDM BASIC PRINCIPLE DESCRIPTION
The MGDM is a multiplexing technique, based on the spatial launching and detection of subgroups of modes to create a number of independent communication channels in a single MMF. This technique exploits the unused capacity of MMF for improving the bandwidth×fiber length product. The basic principle of MGDM is shown in Figure 1 . N independent optical transmitters (N lasers) are used at the input of the system, and M receivers (M photodiodes) at the end. Each transmitter launches a data signal on a different Group of Modes (GM) in N offsets. The mixture of modes in the fiber causes crosstalk between the GM then interference between signals. Each receiver, spatially selective, detects a different part of the intensity generated by the GM. The output signal of each detector is a mixture of N signals. Photodiodes are followed by an equalizer where the M received streams are uncorrelated, and the N original data streams are recovered separately. Moreover, the fluctuation conditions of mode mixing in the MMF are monitored by the coder at the emission side. This coder will allow errors detection at the receiver. If too many errors occur, the receiver may request through a feedback channel to the transmitter to send another new sequence data for a new system initialization. For such kind of system, a transfer matrix H, of size M×N, describes the propagation channel in the fiber [5] . The relationship between the M electrical signals received (y i ) and the N electrical signals (s i ) is written by the following matrix form:
with y, s and b are respectively vectors of the received signal, the transmitted signal, and the additive noise. The values of the transfer matrix H elements are given by :
where I j is the light flux intensity emitted by the jth transmitter, S i is the area of the ith receiver, S is the total area of the core fiber, and L is the fiber length. The determination of the intensity for each channel allows us to determine the coefficients of the matrix H. For a MGDM system, the incident field at the input side of the fiber is considered as a Gaussian beam characterized by three parameters determining the condition of excitation of the MMF. These parameters are the offset (F), the spot size (w) and the angular offset (θ). The inversion of the matrix H determines the signal (s) [6] . The capacity of the system is expressed as follows:
where B is the channel bandwidth (Hz), I M is the unity M ×M matrix and ρ is the Signal to Noise Ratio (SNR). The goal of this work is to increase the capacity of the system by proposing a transfer matrix decomposition method inspiring from Radio MIMO channels decomposition [7] . This method of system simplification is presented in the next section.
III. MGDM TRANSFER MATRIX DECOMPOSITION
A channel matrix treatement of an O-MIMO system using MGDM technique should be simple and pragmatic, since MMFs are used in short-range applications where simplicity and low cost are key issues. We propose here a transfer matrix decomposition method which can be divided into 3 stages: noise whitening, channel diagonalization and dimension reduction. The diagonalization of a MGDM link will be through a precoding matrix F and a decoding matrix G. When the matrix is diagonal, the equivalent noise system is white and isotropic [8] . The system until now can be written as:
where H is the M × N channel matrix, F is the N × N s precoding matrix, G is the N s × M decoding matrix, s is the N s × 1 transmitted symbol vector, N s is the number of symbols transmitted simultaneously witch may be less than N, b is the N ×1 noise vector and y is the N s ×1 received vector. The system architecture is given by Figure 2 . Symbols are demultiplexed to N s pathways, then precoded by F and finally emitted by the N transmitters. Resulting signal due to the various paths is received by the M receivers. The matrix G is used to decode symbols to be estimated and multiplexed. The M) ), because the maximum number of symbols that can be emitted is equal to the minimum between N and M. We assume that the covariance matrix of (s) is equal to I Ns (E{s.s * } = I Ns ), the covariance matrix of (b) is equal to R (E{b.b * } = R) and the variance matrix of (s,b) is equal to zero (E{s.b * } = 0), I Ns being the identity matrix of size N s × N s and R the noise correlation matrix. Figure 3 shows the general MGDM block diagram using matrix decomposition. To achieve the diagonalization of Fig. 3 . General MGDM block diagram using matrix decomposition the channel, precoding matrix F and decoding matrix G will be decomposed into product matrices. The first step separates matrices used to diagonalize and whiten the noise, denoted by a subscript b, and matrix used to optimize the system according to a criterion, denoted by a subscript d. These matrices are given by: Figure 4 shows the block decomposition diagram of the precoded and decoded MGDM system. We can rewrite the system as follows:
where H b is the virtual link defined by
. The precoding and decoding matrices are defined by:
Matrices G 3 , G 2 , G 1 , F 3 , F 2 and F 1 will be defined in the nexts subsections. The simplified block diagram of the "virtualized" MGDM system is shown in Figure 5 . In the next paragraphs we will descripe deeply the three stages of transfer matrix decomposition. 
A. Noise whitening
As a MIMO system, the noise whitening of a MGDM link will be through an Eigenvalue Decomposition (ED) [9] . ED of the noise correlation matrix is determined by:
where Q is an unitary matrix and D = diag(λ 1 , . . . , λ M ) is a real diagonal matrix with eigenvalues λ 1 , . . . , λ M ≥ 0. Eigenvalues are chosen in descending order. Taking:
where D − 1 2 is a diagonal matrix, whose diagonal elements are
, the correlation matrix of the virtual noise is given by:
The channel after whitening is defined by:
B. Channel diagonalization A widely used mathematical tool for simplifying a link is the Singular Value Decomposition (SVD) [10] . The SVD of H b1 is given by:
where A is a M × M unitary matrix, B is a N × N unitary matrix and is a M × N matrix which has the following structure:
where k = diag(σ 1 , . . . , σ k ) is a k × k diagonal matrix with real and strictly positive elements on the diagonal. If H is full rank, then k=min(N,M). These items were chosen as σ 1 ≥ . . . ≥ σ k > 0, with:
Taking F 2 = B implies no loss of generalization because if channel information is available on the side of the transmitter, it is always possible to include B * in F d to cancel F 2 . The virtual channel after whitening and diagonalization is then defined by:
and the noise correlation matrix is given by:
C. Dimension reduction
In the second step, we have seen that the SVD returns a M × N matrix . In order to reduce the size according to the number of channels (N s ≤ min(N, M ) ), we keep only the N s pathways of the matrix k by taking G 3 as a N s × M matrix and F 3 as a N × N s matrix defined by:
Finally, the virtual channel matrix of size N s × N s is given by the following formula:
where Ns is a N s × N s diagonal matrix containing the first N s diagonal elements of . The correlation matrix of the virtual noise is given by:
The final model of the decomposition architecture is:
IV. SIMULATION RESULTS OF A 3 × 3 MGDM LINK
A. Simulated system architecture For a 3 × 3 MGDM system, three channels are created in the fiber by the injection of light at three different offsets. A 3 × 3 transfer matrix H, describes the propagation channel in the fiber. Each transmitter launches a signal data in different group of modes. Each receiver detects the intensity generated by the GM in 3 differents circular areas. The output signal of each detector is a mixture of 3 signals [11] . Simulation is performed using a 100m of MMF length. Two cases are studied. For the case 1, we use a (50/125µm) Graded Index (GI) MMF fiber with excitations conditions: w1=7µm, F1=0µm, λ1=850nm, θ1=0
• , w2=4µm, F2=17µm, λ2=850nm, θ2=3.6442
• , w3=4µm, F3=27µm, λ3=850nm, θ3=5.818
• and receptions parameters: r1=8µm and r2=23µm. Parameters wi, Fi, θi and λi (i=1..3) are respectively the spot size, radial offset, angular offset and wavelength used of the first (i=1), the second (i=2) and the third (i=3) transmitter. Parameters r1 and r2 correspond to the reception parameters of receivers. Detection area of the first receiver is concentrated in the zone of radius r (0<r<r1), the second detection area is concentrated in the zone of radius r (r1<r<r2) and the third receiver is concentrated in the zone of radius r (r2<r<a), with a is the fiber core radius. The simulation result of the transfer matrix H calculation for this system is given by: • , w2=5µm, F2=17µm, λ2=850nm, θ2=2.9126
• , w3=4µm, F3=27µm, λ3=850nm, θ3=4.638
• and receptions parameters: r1=7µm and r2=23µm. The transfer matrix calculation for this case is given by: In the case where a single transmitter broadcasts (N s = 1), we have:
For the case where all transmitters broadcast (N s = 3), simulation results give:
In the case where only two transmitters broadcast (N s = 2), we have:
In the case where a single transmitter broadcasts (N s = 1), we have:
E. The system capacity calculation MGDM is known to improve the network capacity. It enables the integration of different services in a network, allowing the optimal use of the optical bandwidth. To evaluate our system performance, we will calculate its capacity. Moreover, we will compare the simulation results of our system with and without transfer matrix decomposition. Figure 6 and Figure 7 show respectively the comparative change in capacity by the SNR with and without decomposition for the case 1 and the case 2 of simulation parameters. These Figures show the capacity increasing of the system by the use of the transfer matrix decomposition. In addition, the capacity increases more when the number of transmitters whitch broadcast (N s ) decreases. These results seem to be an improvement of the system capacity performance of a MGDM link by the use of the transfer matrix decomposition.
V. CONCLUSION
In short range applications, where MMFs are used, O-MIMO systems have enormous potential in terms of capacity. In this paper we have seen a MGDM matrix transfer decomposition method which has benefits in terms of capacity increasing. A 3 × 3 MGDM system is studied and simulations results support the matrix transfer treatment benifit. This approach for the design of an MGDM system retains the characteristics of high coupling efficiency, simplicity and robustness with the fiber kind.
